I. INTRODUCTION
Self-assembled quantum dots ͑QDs͒ have received much excitement due to their three dimensional carrier confinement and potential for improved optoelectronic device performance. While the self-assembled growth of QDs has progressed rapidly by molecular beam epitaxy ͑MBE͒, it is still challenging by metal organic chemical vapor deposition ͑MOCVD͒.
1,2 This is, in part, due to an infancy of in situ monitoring techniques as well as an increased role of growth kinetics, making controlled island nucleation more difficult. One striking difference between the two growth techniques is the more pronounced role of the group V precursor, AsH 3 , used in MOCVD growth of InAs/ GaAs quantum dots. It is generally accepted in epitaxial growth of lattice matched systems that a lower AsH 3 flow increases the adatom mobility. 3 However, for MOCVD growth of InAs/ GaAs quantum dots, a higher AsH 3 flow typically results in island ripening and increased island size, suggesting a higher adatom mobility [4] [5] [6] This effect has been attributed to several factors. The works by Heinrichsdorff et al. 5 and Steimetz et al. 7 suggest that the presence of atomic hydrogen leads to increased clustering and QD ripening, possibly through a destablization effect of the wetting layer. In MOCVD growth using hydrides as the group V source, an increased V/III ratio is also always associated with an increased concentration of atomic hydrogen which is not present in MBE growth. Chung et al. 6 have also recently suggested faster incorporation of indium into existing islands instead of new island nucleation at high AsH 3 partial pressure. In this paper we report on a detailed study of the various growth parameters with particular attention on the role of the AsH 3 flow, during and after island growth.
II. EXPERIMENT
The samples studied in this work were grown on ͑100͒ semi-insulating GaAs by low-pressure ͑100 mbar͒, horizontal flow, MOCVD. The sources used were trimethylindium ͑TMIn͒, trimethylgallium, and AsH 3 with H 2 as the carrier gas. The basic structure is shown in Fig. 1 and consists of a buried QD layer for photoluminescence ͑PL͒ and transmission electron microscopy ͑TEM͒ studies and a layer of uncapped QDs on the surface for atomic force microscopy ͑AFM͒. A 300 nm GaAs buffer layer was first grown at 650°C. The growth was then interrupted and the sample allowed to cool to 520°C under AsH 3 before depositing InAs at a rate of 0.25 ML/ s ͑monolayer"s͒ to form the QDs. The AsH 3 flow during island growth was varied from 6.7 ϫ 10 −5 to 2.6ϫ 10 −4 mol/ min, and the influence of growth interrupts with and without AsH 3 flow also investigated. The QDs were capped with 300 nm of GaAs. Unless otherwise specified the first 30 nm of this capping layer was grown at 520°C, the same temperature as the InAs QDs, to minimize indium desorption/intermixing effects during capping. Before depositing the remaining cap, the growth was inter- 3 , during which the sample was heated to 600°C. After the capping layer, the growth was again interrupted and the sample cooled to 520°C before depositing a final layer of uncapped QDs on the surface. The samples were cooled down under an AsH 3 flow of 1.3 ϫ 10 −3 mol/ min and a total reactor gas flow of 8 slm ͑stan-dard liters per minute͒.
The buried QD layers were examined using plan-view TEM. The surface QDs were etched prior to TEM sample preparation, leaving only the buried QD layer for imaging. Samples for plan-view TEM were prepared by mechanically polishing the samples to 150 m, followed by dimpling to a thickness of 40 m and chemically etching with H 2 SO 4 :H 2 O 2 :H 2 O ͑3:1:1͒. TEM analysis was carried out using a Philips CM 300 electron microscope instrument operated at 200 kV. For our TEM investigations the wafer normal is defined as the ͓100͔ direction. The surface QDs were examined using AFM. Room temperature PL measurements were performed by exciting the samples with a frequencydoubled 532 nm diode-pumped solid state laser source. The luminescence was dispersed through a 0.5 m monochromator and collected with an InGaAs detector. During PL measurements a rapid degradation of the PL intensity was observed which did not recover after 30 min without illumination. We attribute this to enhanced oxide formation at the photoexcited GaAs surface 8, 9 and a resulting increase in surface recombination. Therefore care was taken to ensure a systematic measurement method.
III. RESULTS

A. Influence of AsH 3 flow "or V/III ratio… during growth
The V/III ratio is the ratio of the group V ͑AsH 3 ͒ flow rate to the group III ͑TMIn͒ flow rate. In the present study the group III flow rate is kept constant and the group V flow rate varied so that an increased V/III ratio is equivalent to an increased AsH 3 flow. The V/III ratio has a large impact on the nucleation process. Figure 2 shows three room temperature PL spectra for QD samples grown using identical growth conditions except for the V/III ratio ͑AsH 3 flow͒ which was set to 10 ͑6.7ϫ 10 −5 mol/ min͒, 40 ͑2.6ϫ 10 −4 mol/ min͒, and 70 ͑4.5ϫ 10 −4 mol/ min͒. Increasing the V/III ratio leads to a strong redshift of the PL emission which is an indication of larger islands. For example, the PL peak redshifts by 60 nm when the V/III ratio is increased from 40 to 70. Poor PL intensity is observed at a V/III ratio of 10, suggesting a low dot density. On the other hand, high dot densities of Ϸ3 ϫ 10 10 cm −2 were observed at V/III ratios of 40 and 70 by plan-view TEM. The highest V/III ratio of 70 leads to an extremely broad PL spectrum with a shoulder at longer wavelength, indicating a possible bimodal size distribution. The inset to Fig. 2 shows a plan-view TEM image of this sample and also suggests a possible bimodal size, with a number of the islands exhibiting much stronger contrast. This is an indication of increased strain due to an increased island size and/or indium content. These results show a clear tendency for faster island formation and development at higher V/III ratios.
A study of coverage at two different V/III ratios revealed a similar tendency. Figures 3 and 4 show PL spectra for QD samples grown using various coverages and V/III ratios of 40 and 10, respectively. The general trends observed with increasing coverage are similar for both V/III ratios. At low coverage, only a low density of small dots is formed, leading to low intensity, blueshifted PL and a strong wetting layer signal. For example, at a V/III ratio of 40 and the lowest coverage, PL peaks from the wetting layer ͑940 nm͒ and the QDs ͑1125 nm͒ are present. With increasing coverage the PL intensity of the QDs increases and shifts to longer wavelength which is correlated by plan-view TEM with an increased island size and density ͑not shown͒. On the other hand, too much material leads to larger relaxed islands and defects, again reducing the PL intensity. Figure 5 is a planview TEM image of the sample with highest coverage at a V/III ratio of 40 and shows a number of large ripened islands ͑indicated by arrows͒ and V-shaped dislocations. This demonstrates the need to avoid formation of large islands which have a tendency to relax via dislocations, especially at the higher growth temperatures needed in MOCVD to achieve good quality capping layers. 10 While these general trends are the same, the lower V/III ratio seems to slow the entire nucleation process. For example, at a V/III ratio of 40, only Ϸ0.025 ML separates a low dot density from an optimum dot density and a further 0.050 ML leads to dislocations. On the other hand, for a V/III ratio of 10, Ϸ0.1 ML now separates a low dot density from a high one. Also, for a V/III ratio of 10, the coverage needs to be increased to 2.1 ML to achieve a high dot density, in comparison to 1.95 ML for a V/III ratio of 40.
B. Influence of AsH 3 flow after growth "growth interrupts…
A growth interrupt ͑GRI͒ is often used to encourage adatom diffusion, dot formation, and material redistribution between the wetting layer ͑WL͒ and dots. [11] [12] [13] We investigated growth interrupts both with and without AsH 3 flow. Figure  6͑a͒ shows PL spectra for two QD samples grown with a 5 or 15 s GRI with the AsH 3 switched off. For both samples 1.7 ML of InAs was deposited at a V/III ratio of 10. With no GRI, this should result in only WL emission ͑see Fig. 4͒ . However, as shown in Fig. 6 , the growth interrupt allows island development and results in strong PL at 1200 nm with a shoulder at Ϸ1138 nm ͑see the dotted curves in Fig. 6͒ . Increasing the GRI time from 5 to 15 s results in very little change, suggesting that the dots form quickly within the first 5 s, and are relatively stable. This is in contrast to other reports which show a slow but continual shift to longer wavelength with longer growth interruption. 12 This may be related to the higher growth temperature and different precursors used in our study.
Strong island ripening resulted when AsH 3 was reintroduced during the growth interrupt. Figure 7 shows PL spectra for two QD samples formed by again depositing 1.7 ML of InAs, but instead followed by a ͑5+10͒ s GRI, in which AsH 3 ͑4 ϫ 10 −4 mol/ min͒ was reintroduced for the final 10 s. The two samples differ in the capping procedure used. In the first sample, the dots were capped with a 30 nm GaAs layer at 520°C before interrupting the growth and heating the sample to 600°C over a 2.5 min period. This resulted in very low intensity PL at 1260 nm. As discussed earlier, a high density of dots should form during the first 5 s GRI without AsH 3 . Therefore the strong redshift and reduced PL intensity must be a result of the AsH 3 . We suspect that large, relaxed islands have formed and are accompanied by a high dislocation density. This is further supported by the second sample, where the dots are capped with a much thinner, 7.5 nm, GaAs layer before interrupting the growth and heat- FIG. 7. Room temperature PL spectra for two QD samples grown using a nominal coverage of 1.7 ML followed by a ͑5+10͒ s growth interrupt. The AsH 3 was switched off for the first 5 s and switched back on for the final 10 s ͑AsH 3 flow of 4ϫ 10 −5 mol/ min͒. One sample was capped with a 7.5 nm GaAs layer and the other with 30 nm layer before interrupting the growth and heating the sample to 600°C ͑0.25 ML/ s, V / III= 10, 520°C͒. The dotted curves are Gaussian fits centered at 1138, 1197, 1231, and 1273 nm.
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Sears et al. J. Appl. Phys. 99, 044908 ͑2006͒ ing the sample. As shown in Fig. 7 the PL intensity recovers which we believe is due to partial capping of larger islands which are then dissolved during the growth interrupt. This is a commonly used technique to eliminate large, defective islands. 14 The recovered PL spectrum is broad and fitted by four Gaussians as shown by the dotted curves in Fig. 7 , indicating a multimodal size distribution. The two Gaussians at 1138 and 1200 nm are similar to those used to fit the earlier PL spectra ͑GRI with no AsH 3 ͒ and may indicate that a portion of the dots are unaffected by the AsH 3 GRI, while other dots grow in size or coalesce. Interestingly the WL peak at 937 nm also disappears after growth interruption with AsH 3 , indicating that some wetting layer material may be transferred to the QDs.
Atomic force microscopy of uncapped dots cooled down under AsH 3 clearly reveals the ripening effect of AsH 3 . Essentially the cool-down period is one long growth interrupt with AsH 3 . The conventional approach in MOCVD growth is to maintain an AsH 3 flow during cooling to avoid As outdiffusion. In the case of our QD samples it takes Ϸ4 min to cool down from 520°C ͑the growth temperature͒ to 400°C ͑the temperature at which the AsH 3 is switched off͒. During this cool-down period the island density and morphology change drastically. Figure 8͑a͒ is a 3ϫ 3 m 2 AFM image of a single layer of uncapped dots which were cooled down under an AsH 3 flow of 1.3ϫ 10 −3 mol/ min. A low dot density of Ϸ1 ϫ 10 9 cm −2 is observed and, as emphasized by the histograms in Figs. 9͑a͒ and 9͑b͒ , the islands have poor size uniformity and are extremely large. In contrast, TEM planview images of dots formed under identical conditions but capped immediately with GaAs show a high density of small islands with base diameters of 10-12 nm ͓see Fig. 8͑b͔͒ and an absence of large ripened islands. Clearly, the uncapped islands continue to ripen during cooling under AsH 3 . Interestingly, for the less strained In 0.5 Ga 0.5 As/ GaAs or InAs/ InP QD systems ͑Ϸ3.2% lattice mismatch compared to 7.2%͒, we do not observe any significant clustering or morphology change for uncapped dots cooled down under similar AsH 3 flows.
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IV. DISCUSSION
Clearly higher AsH 3 flows lead to faster island formation and increased island ripening both during and after growth. Obviously during this ripening process some islands exceed the critical size for dislocation formation and reduce the PL intensity. These defective islands behave as material sinks, quickly growing at the expense of smaller islands and can strongly affect the final island distribution. This process is especially apparent for uncapped QD samples cooled down under AsH 3 , where only a low density of large islands remains. These results indicate that AsH 3 encourages indium redistribution from the highly strained wetting layer to the islands, where the strain is reduced, and possibly also between the islands. The disappearance of the wetting layer PL peak after growth interruption with AsH 3 is further evidence for material transfer from the wetting layer to the islands. The exact mechanism by which AsH 3 encourages indium redistribution is still unclear. Higher free As concentration in the gas phase may aid incorporation of indium into the islands. 6 Alternatively, increased surface energies and wetting layer destabilization due to atomic hydrogen have also been proposed. 5, 7 In the less highly strained In 0.5 Ga 0.5 As/ GaAs and InAs/ InP QD systems, the driving force ͑strain͒ for indium segregation is reduced and may explain the reduced impact of AsH 3 in these systems.
The stability of islands during growth interrupts without AsH 3 may be due to quick removal of any residual AsH 3 from the system. We suspect that the islands form rapidly by consuming any previously absorbed AsH 3 at the surface. Continued island ripening is then hindered due to the lack of further AsH 3 supply, essentially freezing the island morphology.
In MOCVD growth the surface chemistry is highly complex, especially at the low temperatures used for QD growth. In this regime, low desorption rates and reduced cracking efficiency of the precursor gases can lead to an increased concentration of absorbants such as methyl radicals at the surface. AsH 3 and, in particular, its atomic hydrogen are important for removal of such absorbants and therefore may affect the surface growth kinetics. Alternatively, hydrogen itself may lead to site blocking effects. It is also well documented that alloying with the substrate results in the formation of a ternary InGaAs wetting layer, essentially reducing the lattice mismatch and driving force for island formation. 16 Changes in the surface chemistry due to AsH 3 and/or its atomic hydrogen may also affect this process. To be consistent with our results, increased alloying would need to occur at lower AsH 3 flows.
V. CONCLUSION
To summarize, we have studied the influence of various growth parameters on the dot nucleation process. We find that the AsH 3 flow has a particularly large impact, both during and after dot nucleation. High V/III ratios led to a faster nucleation process and island ripening. We suggest that these effects are due to an enhanced redistribution of indium from the wetting layer to the islands and possibly between islands as well. Choosing appropriate AsH 3 flow and coverage during island growth and switching off the AsH 3 flow during growth interrupts are critical for achieving high densities of defect-free InAs quantum dots on GaAs substrates. Using our optimized growth conditions, defect-free InAs QDs with a density of 3 ϫ 10 10 cm −2 are obtained.
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